In this study, we determined the projections of oxytocin-containing neurons of the paraventricular nucleus (PVN) to phrenic nuclei and to the rostral ventrolateral medullary (RVLM) region known to be involved in respiratory rhythm generation. Studies were also designed to determine oxytocin receptor expression within the RVLM, and the physiological effects of their activation on respiratory drive and arterial blood pressure. 
INTRODUCTION
The hypothalamic paraventricular nucleus (PVN), located along the third ventricle, can be described as a homeostatic motor cell group with neuroendocrine, metabolic and cardiorespiratory functions (36, 43) .
Anatomically, the PVN is a heterogeneous structure, consisting of several distinct subdivisions with differing projection patterns (35, 43) . The oxytocin neurons of the magnocellular division of the PVN project mainly to the posterior pituitary (44) , which is involved in regulating neuroendocrine functions such as plasma osmolality, parturition, and lactation.
Parvocellular neurons, on the other hand, innervate the median eminence and other sites within the CNS (44) , including cell groups in the brainstem and spinal cord that are involved in the regulation of cardiovascular and respiratory functions (48) .
PVN cells with long descending brainstem and spinal projections are primarily peptidergic neurons, expressing multiple neurotransmitters including oxytocin and vasopressin (15, for review, see 31). There is no information, however on projections of oxytocin-containing neurons to respiratory related brainstem regions or spinal cord motoneurons that innervate respiratory muscles such as the diaphragm.
A number of studies have shown that oxytocin plays an important role in mediating a cardiovascular response to environmental stressors via projections to the rostral ventrolateral medulla (RVLM; 1, 28), and the spinal cord (5) . In contrast, almost no information exists on the role of oxytocin in the regulation of respiration.
PVN neurons are activated by many stimuli that affect breathing (7, 23, 26, 28) .
Furthermore, activation of these neurons is associated with a release of oxytocin and vasopressin (20, 21) . Based on these findings, we hypothesized that oxytocin-containing neurons constitute a part of the neural pathways involved in the respiratory response to different stimulatory inputs and provide a possible link between neuroendocrine and neural control of respiration. in anesthetized animals (sodium pentobarbital 40 mg/kg) as previously described (48) .
MATERIALS AND METHODS

Animals.
Injections were made with a glass micropipette (40-60 um diameter), 0.6 mm from the midline and 1.4 mm from the dorsal surface of the spinal cord (48) . Five days following CT-b injections, the animals were deeply anesthetized with sodium pentobarbital (50mg/kg, IP) and rapidly perfused transcardially with 0.9% buffered saline followed by Projections from PVN oxytocin-containing neurons to the pre-B`tzinger complex were determined by unilateral (n= 4) or bilateral microinjection of CT-b (n = 1), 12.30 mm caudal to Bregma, 2.2 mm lateral to midline, and 0.8 mm dorsal to ventral surface of the ventrolateral medulla oblongata. Five days following injection, animals were deeply anesthetized and perfused as described above; the brains were removed and processed immunohistochemically for CT-b and oxytocin labeling.
Transverse sections of the whole brain of each animal were cut at 40 µm using a Bright OTF Cryostat (Hacker Instruments and Industries Inc., NJ). The immunohistochemical procedures used were previously described (16, 48) plaque forming units/ml). Four days after PRV injections, rats were deeply anesthetized, perfused and prepared for immunohistochemistry as described above. In these experiments, pig anti-PRV antibody (1:60,000) was substituted for CT-b. The secondary antibody, goat anti pig IgG was conjugated with Alexa 594.
The oxytocin receptor-specific antibody used in this study was a goat polyclonal antibody (Research Diagnostics Inc, Flanders, NJ). The antibody was made against amino acids mapped at the carboxy terminus of the human oxytocin receptor (22) and the specificity of this antibody has been documented with rat brain tissue as well as human and mouse tissues. We determined whether these receptors are expressed in the pre-B`tzinger complex within the RVLM by immunohistochemistry. The pre-B`tzinger complex is a respiratory-related region thought to be involved in rhythm generation (37) , which has been defined anatomically by the expression of neurokinin-1 receptors (NK-1R; 13).
In the present study, immunostaining procedures for oxytocin receptors and NK-1R were performed sequentially rather than simultaneously, since in our previous studies we found that this approach provides better specificity and lower background staining (10) . Briefly, the free floating sections were washed in PBS containing 0.3% Triton-X and then transferred for 30 min to a PBS-Triton solution containing 1% BSA, to block non-specific binding sites. After a further wash the sections were incubated for 48 h at Physiological studies. Saline or oxytocin dissolved in saline were microinjected in the RVLM as previously described (46) . Briefly, ten Sprague Dawley rats (300-350g)
were anesthetized with urethane and the femoral artery and vein were catheterized for recording blood pressure and heart rate, and for administering fluid and anesthetic as needed. Following bilateral vagotomy, the rats were placed in a stereotaxic apparatus in a prone position. Bregma and the midline served as stereotaxic zeroes for rostrocaudal and lateral coordinates which were 12.30 mm caudal to Bregma, 2.2 mm lateral to midline, and 0.8 mm dorsal to ventral surface of the rostral ventrolateral medulla. Micropipettes were removed at the end of the experiment and filled with Evans blue dye, reinserted at the same injection site and the dye was microinjected to localize the initial injection site. Animals were perfused and the brainstems were removed and sectioned coronally (50µm thickness), mounted and stained with 1% neutral red for visualizing injection sites.
D EMG was used to determine amplitude as well as inspiratory and expiratory durations. The amplitude of inspiratory burst, inspiratory time (T I ) and expiratory time (T E ) were analyzed, and respiratory frequency (f, breaths/min) and minute D EMG (D EMG x f) were calculated. Respiratory response was quantified by averaging these parameters for the control period for 10-15 consecutive breaths and 10 -15 breaths at peak response after microinjection of the saline vehicle or oxytocin. Blood pressure (BP) and heart rate (HR) were measured in the control period and when peak changes occurred after oxytocin administration. Average values (mean ± standard deviation) for the analyzed variables were compared using the Student t-test with statistical significance set at (P <0.05). The pre-B`tzinger complex within the RVLM was the site of microinjection of oxytocin ( Figure 5A ). This site was identified as previously described (13) by the abundant expression of NK-1 receptors on cell membranes and in cell processes ( Figure   5B ). Neurons expressing oxytocin receptors were also localized in this region ( Figure   5C ). Small clusters of cells within the pre-B`tzinger complex were positive for the oxytocin receptor, which appeared as beaded-like structures on cell membranes and in neuronal cell processes. respectively (n=6 rats). Mean arterial blood pressure was comparable for the control and saline vehicle and heart rate increased by 2.4 %. However, microinjection of oxytocin caused a significant increase (42%) in D EMG amplitude ( Figure 6A ). There was also a 20% increase in frequency, which can be attributed to shortening of inspiratory and expiratory times which decreased by 22 and 54%, respectively. The T E decreased from a mean of 1.06 ± 0.08 to 0.69± 0.04s (P<0.05; Figure 6C ), while inspiratory time decreased from 0.66 ± 0.07 to 0.54 ± 0.03s (P<0.05; Figure 6D ).
RESULTS
Neuroanatomical
Microinjection of oxytocin also caused an increase in arterial pressure and heart rate.
Mean arterial pressure increased by 26% from 96.6 ± 22 to 130.6 ± 39 mmHg (P<0.05), and heart rate was elevated from 423 ± 32 to 435 ± 31 beats per min (P<0.05). This 3% change in heart rate reached statistical significance, but probably has no physiological importance. In addition to direct effects of oxytocin on the membrane ionic permeability in selected neuronal populations of respiratory related neurons, oxytocin can influence neurotransmission, via presynaptic mechanisms. It is expected that oxytocin-containing terminals form axo-somatic, axo-dendritic, and axo-axonic synapses as in other brain and spinal cord regions (19) . Oxytocin acting presynaptically will enhance glutamate release from these terminals and facilitate glutamatergic synaptic transmission by presynaptic mechanisms. Further studies are needed to define the role of these pathways in regulation of breathing by endogenously released oxytocin.
DISCUSSION
The PVN neurons are activated by many stimuli that also affect breathing. It has been shown that about one third of PVN neurons are excited by increased CO 2 (7) and these activated neurons express c-Fos (17) . Hypoxia also induces an increase in c-Fos expression in PVN neurons (26) , and prolonged hypoxia induces the release of oxytocin and vasopressin (21) . During exercise, muscle contractions activate a large number of oxytocin-containing neurons (23) . All these stimuli increase breathing activity and -C4 ). 3V, third ventricle; dp, dorsal parvocellular; mpd, medial parvocellular dorsal; mpv, medial parvocellular ventral; pm, posterior magnocellular. Scale bar = 100 µm. 
